Excessive calcium influx is important in the irreversible injury of cardiac myocytes and other cell types. The mechanism is unknown, but possibilities include L-type channels, Na+-Ca'+ exchange, sarcolemmal (SL) defects, and calcium leak channels. In this study, metabolic inhibition was used to induce ATP depletion and augmented calcium influx in cultured cardiac myocytes. Inhibition of the L-type calcium channel and Na'-Ca2`exchanger had no significant effect on the calcium leak. There was no significant lactate dehydrogenase release, indicating that the leak did not occur through major SL defects Received May 29, 1992; accepted October 6, 1992. leak and contend that this occurs via an effect on calcium leak channels.
It has long been appreciated that excessive calcium influx represents the final common pathway in cell death.' A growing body of evidence suggests that loss of calcium homeostasis may be the critical event underlying the transition from reversible to irreversible injury in myocardial ischemia/reperfusion. Calcium influx, or leak, has been demonstrated in anoxia,2 metabolic inhibition,3 and ischemia. 4 Although numerous studies have been directed at defining the mode of calcium entry, the precise mechanisms remain obscure. With respect to the cardiomyocyte, calcium leak may occur via the voltage-activated calcium channels, reversed activity of the Na+-Ca2' exchanger, defects in the sarcolemma (SL), or specific calcium leak channels, which have recently been identified in cardiac5 and other6,7 cells. The present study is concerned with elucidating the mechanism of calcium leak in cardiomyocytes. Significant leak through L-and T-type calcium channels and Na+-Ca2' exchange was excluded.
No significant defects in the SL were demonstrated, leaving subtle SL defects or specific calcium leak channels as remaining possibilities. We show that an alteration in SL surface charge profoundly affects calcium leak and contend that this occurs via an effect on calcium leak channels.
Materials and Methods ATP depletion was achieved by metabolic inhibition with 0.05 mM iodoacetic acid and 0.5 mM 2-deoxyglucose. Calcium leak was measured using an on-line isotopic technique described in detail by Frank et al.8 This technique permits the continuous measurement of cellassociated 45Ca and is uniquely suited to the measurement of calcium fluxes in metabolically inhibited cells. The cell type was the cultured neonatal rat cardiomyocyte. ATP levels were measured using standard highperformance liquid chromatography. Large SL defects were monitored by measuring lactate dehydrogenase (LDH) release, and phospholipid (PL) rearrangements were detected by measuring the relative amount of trinitrobenzenesulfonic acid (TNBS)-labeled PL in the outer SL monolayer. TNBS has previously been shown to label all the amino-containing PLs in the outer SL monolayer and does not penetrate the SL.9 Because the PL distribution has previously been demonstrated, any increase in TNBS labeling represents an alteration in the distribution pattern. Blockade of the L-type channel was achieved by preexposing the cells to either nifedipine (1 gM) or diltiazem (1 ,gM). The Na+-Ca2' exchanger was inhibited by 3,4-dichlorobenzamil (3,4-DCB, 20 ,uM)10 and, in a separate series of experiments, with 0.5 mM cadmium." Nifedipine was also tested at a higher concentration (50 ,uM) (Figure 1, left panel) . The time course of the calcium leak is shown in Figure 1 , left panel. Cellular calcium did not increase until 30 minutes (3.1±0.4 mmol/kg dry wt), increasing thereafter by 10 .3±0.7 mmol/kg dry wt after 60 minutes of metabolic inhibition.
LDH release did not become significant until 90 minutes had elapsed, indicating that the SL remained intact with respect to large molecules until this time ( Figure 1 , right panel). Alterations in PL distribution did not become apparent until 90 minutes, when cell lysis had begun to occur, excluding this as an important mechanism of the calcium leak ( Figure 1, right panel) .
Inhibition of L-type voltage-activated calcium channels with either 1 juM nifedipine or 1 ,uM diltiazem had only a minor (not significant) inhibitory effect on calcium influx ( Figure 2 ). Cadmium at a concentration of 0.5 mM is an effective inhibitor of the L-type channel and has been shown to have no effect on the calcium leak channel in myotubes7 and ventricular cells.5 The presence of 0.5 mM cadmium had no effect on calcium influx. Inhibition of Na+-Ca2' exchange with 3,4-DCB had no effect on the calcium accumulation. The contribution of diffuse double-layer calcium was assessed by reducing the concentration of sodium in the perfusate to 70 mM and replacing it with nonionic sucrose. This induces a significant increase of calcium within the diffuse double layer and had no effect on the metabolically induced calcium leak. Addition of dimethonium after sodium reduction screens the SL surface charge and therefore reduces the augmented calcium content of the diffuse double layer.12 This maneuver had no effect on calcium uptake during ATP depletion. Diffuse double-layer calcium, therefore, does not significantly
Time (minutes) contribute to the metabolically induced calcium leak. Furthermore, reduction of the external sodium concentration itself had no inhibitory effect on the calcium leak.
Sodium dodecyl sulfate (50 ,uM) augmented calcium uptake (Figure 3) . After 30 minutes of metabolic inhibition, the cellular calcium content was increased by 5.1±+0.6 mmol/kg dry wt, increasing by 14.9+0.5 mmol/kg dry wt after 60 minutes. The augmentation was marginally significant after 15 minutes (p=0.08), becoming more significant thereafter (p<0.05). This effect was unaltered in the presence of nifedipine. indicating that it did not occur via stimulation of the L-type channel. DDTMA had a marked inhibitory effect; the increase in calcium did not become significant until 45 minutes (1.4±0.4 mmol/kg dry wt), reaching a maximum of 2.7±0.7 mmol/kg dry wt after 60 minutes. Lauryl acetate had no effect. PXB had a dramatic effect (Figure 4) . Preincubation of the cells with 100 ,uM PXB caused displacement of calcium (4.5 ±0.5 mmol/kg dry wt) as expected. 13 Including PXB in the medium containing the metabolic inhibitors completely inhibited the calcium leak. The results of a typical experiment are shown in Figure 4 , left panel, and the means of six experiments are shown in Fi-gure 4, right panel. This amphiphile did, however, cause some cell lysis as evidenced by LDH release (11±0.9% of total cellular LDH after 45 minutes and 16±1.7% after 60 minutes). None of the other amphiphiles caused any significant lysis within 60 minutes. The amphiphiles did not exert their effects by modifying the reduction of ATP; the profile of ATP depletion was not significantly altered by the presence of the amphiphiles. Furthermore, incubation of the cells with amphiphile alone did not cause ATP depletion. In a series of control experiments, it was demonstrated that none of the amphiphiles themselves affected calcium uptake during a 60-minute period (n=3 for each amphiphile). Graph showing an experiment with polymyxin B sulfate (PXB, A) superimposed on a typical experiment in which metabolic inhibition is performed in the absence of PXB (control, c). The cells were first labeled to asymptote. The solution was changed to one containing 100 ,uMPXB. This produced a displacement of calcium (4.5±0.5 mmol/kg dry wt), which has previously been documented.'3 The flow cell was drained and refilled with solution containing 100 ,uM PXB, 0.05 mM iodoacetic acid, and 0.5 mM 2-deoxyglucose. There was no significant increase in 45Ca activity during metabolic inhibition, indicating that calcium leak was completely inhibited. Right panel: Graph showing changes in cellular calcium during ATP depletion in the presence of 100 1IMPXB ( *, n=6) and in its absence (-, n=10) . No significant increase in cell-associated calcium occurred in the group in which PXB was present. PXB (50 ,M) had a significant but less pronounced effect (not shown). PXB is light sensitive, and appropriate precautions were taken. The effects of increasing the concentration of nifedipine to 50 ,tM was tested in a series of six experiments. The protocol used was identical to that described for the experiments with 1 ,uM nifedipine. The calcium leak was augmented at all time points; the difference was significant at only the 15-and 30-minute time points ( Figure 5 ). In the absence of metabolic inhibitors, 50 ,uM nifedipine had no effect on calcium uptake (n =2).
Including Bay K 8644 with the metabolic inhibitors had no significant effect on the calcium leak when used at the lower concentration (5 ,uM) . However, at a concentration of 50 ,uM, a significant augmentation (p<0.001) was documented at the 15-minute time point. There was no significant effect at the later time points. In the absence of metabolic inhibitors, Bay K had no effect on calcium uptake. Neither It is hard to reconcile our observations with those of Haworth et al. 16 These authors showed that calcium influx was inhibited by ATP depletion in adult rat heart cells. However, it is important to note that, in this study, ATP levels fell to less than 5% of control values within 8 minutes and that the cells went into contracture. The rate of ATP depletion achieved using our experimental protocol was much slower, and the cells remained spontaneously contractile for up to 20 minutes.
Calcium influx during ATP depletion does not occur via L-type channels. This is in broad agreement with previous studies that have also demonstrated the inability of L-type calcium channel blockers to significantly delay excessive calcium influx in ischemia or hypoxia. 15 The cell types used in this study are spontaneously contractile and remain so for up to 30 minutes in the presence of this concentration of metabolic inhibitors. This, in addition to the inclusion of the calcium channel blockers throughout the entire experiment, should ensure adequate blockade of the L-type channels. Although probably present in this cell type, T-type channels are not numerous enough to be an important route. Furthermore, T-type channels are inactivated by the insertion of sodium dodecyl sulfate into the SL. 17 In the course of this study, we demonstrate that sodium dodecyl sulfate augments the calcium leak, thus excluding T-type channels as a potential route. Reversal of the Na+-Ca`+ exchanger as a result of a rise in intracellular sodium has been proposed as a potential mechanism of calcium leak. 15 The amiloride derivative 3,4-DCB had no effect. At a concentration of 20 ,uM, 3,4-DCB should achieve complete inhibition of the exchanger.10 In addition, if the Na+-Ca2+ exchanger were responsible for the calcium leak, then reduction of the external sodium concentration should inhibit the leak. Further evidence against involvement of the exchanger can be derived from the experiments with cadmium. The exchanger should be completely inhibited in the presence of 0.5 mM cadmium." PL rearrangements within the SL are unlikely to be responsible, since no change in the characteristic SL asymmetry occurred before cell lysis. Two potential routes remain: subtle SL defects and calcium leak channels. The lack of involvement of the diffuse double layer is evidence against an alteration in SL conductance, which would be affected by the alterations in the diffuse double layer unless the leak channel openings extended beyond the diffuse double layer. '8 However, the lack of significant effect by L-channel blockade is direct evidence against influx via this specific calcium channel. Leak Charged amphiphiles are known to modulate many ion channels; therefore, it could be argued that the effect demonstrated in the course of this study is nonspecific. However, all other relevant pathways have been effectively excluded with the various pharmacological interventions described. An alternative explanation for the difference in potency in the effects of PXB and DDTMA is the documented inhibitory effect of PXB on protein kinase C. Protein kinase C activation has been shown to increase calcium influx and aggravate hypoxic injury in cultured mouse myocardial cells.20 Inhibition of protein kinase C by PXB may inhibit calcium influx, but as indicated, it seems more likely that its action is attributable to its charge effect at the SL surface.
It is interesting to note that Godicke et a121 have recently shown that the polycationic antibiotic gentamicin is capable of inhibiting the calcium paradox in guinea pig hearts. These authors have suggested that this compound exerts its effects by inhibiting Na+-Ca2' exchange, although no direct evidence is provided. It is clearly possible that gentamicin also has an effect on the calcium leak channel, although it should be noted that this compound is not an amphiphile. It seems possible that the present results in the metabolically depleted cardiac cell might be applied to the general problem of increased activity of calcium leak channels, such as has been demonstrated in myotubes from dystrophic muscle7419 and is believed to contribute to their dysfunction.
It should be stressed that, in the absence of singlechannel current measurements, the evidence for the involvement of leak channels is somewhat circumstantial and that subtle defects in the SL remain an important candidate. We are in the process of performing these studies. It is anticipated that this approach may facilitate the development of more effective cardioprotective agents.
